Abstract Snow damage on natural stands is an important problem concerning mountainous forest management. In the present research, the frequency and intensity of heavy snow damage on natural stands and the relationship of damages with characteristics of trees, stand and topography were studied in mountainous forests of northern Iran. A systematic sampling design was applied to the study area (140 ha), with 122 circular plots. The grid dimension was 100 m and each plot area was 1000 m 2 . The four types of snow damage to trees include: crown damage (8.6%), stem breakage (5.4%), uprooting (3.2%), and bending (1.4%). The frequency of crown damage grew with an increase in the diameter at breast height (DBH), while the frequency of stem breakage, uprooting and bending decreased with an increase the DBH. The frequency of crown damage, stem breakage, and total damages was related to tree species (p \ 0.01). Not all tree species were equally susceptible to snow damage. The amount of damage grew with increasing elevation and slope angle and decreased with increasing soil depth. Young trees (DBH \ 25 cm) were more susceptible to snow damage than other trees. Snow damage decreased by as the trees in the stand became more mixed in age. The susceptibility of trees to snow damage increased by height and slenderness coefficient. With adequate silvicultural operation, snow damage can be reduced to a minimum level in these natural forests.
Introduction
Natural disturbances caused by snow in forest stands help natural regeneration and biodiversity maintenance by creating gaps in the forest canopy and increasing dead wood (Attiwill 1994; Angers et al. 2005) . Snow storms may cause branches to fall and tree mortality, which create conditions for snags in forest (Akhavan et al. 2012; Turcotte et al. 2012; Tavankar et al. 2014) . In other view, natural disturbance caused by snow have ecological benefits for forest ecosystems, including soil protection, as snowfall did not cause erosion as the rain, thermal insulation, so that many species depend for protection from winter cold (Dutra et al. 2010) . Despite the snowpack benefits, snow-induced damage to forests can reduce timber productivity and can compromise forest protective features, especially in mountain forests (Nicolescu et al. 2004; Zhu et al. 2006; Li et al. 2018) . A further consequence of snow damage is the increased risk of attack by fungi and insects that can also spread to undamaged trees (Persson 1972; Schroeder and Eidmann 1993; Hanewinkel et al. 2008) . Snow damage can cause reduced growth rates and a reduction in timber quality, as tree injuries provide favorable condition for biological attack (Homma 1997; Hanewinkel et al. 2008; Klopcic, et al. 2009; Tavankar et al. 2017) .
Snow damage is reported as a serious economic problem in managing European natural forests through reduction of timber quality and timber volumes in damaged stands (Valinger and Lundqvist 1992; Valinger and Fridman 1997; Schelhaas et al. 2003; Hurtalova et al. 2007; Notaro et al. 2009; Martín-Alcón et al. 2010) . Within the European Community, snow damage affects an estimated 4 million m 3 of timber every year, causing significant economic losses to forest owners . Moreover, along the forest road network, snow can cause hazards due to bending or breakage of stem or branches (Nasiri and Fallah 2012) .
Snow damage to trees is strongly dependent on the interaction of meteorological conditions, topography, and species and stand characteristics . Tree damage occurs through stem and crown breakage, uprooting, or bending, resulting from a snow load (Nykä-nen et al. 1997; Bragg et al. 2003) . Snow accumulation on trees is strongly dependent upon weather and climatological conditions (Lehtonen et al. 2016 ) and related to climatic factors such as temperature above freezing and humidity. It generally increases with elevation (Jalkanen and Mattila 2000) .
Moreover, wind can induce stem breakage when heavy snow occurs, as the total turning moment resulting from the wind and snow load exceeds the maximum resistive moment of tree stem or roots . The topographical characteristics of a site also affect the probability of snow damage occurrence (Solantie 1994; Hlásny et al. 2011) . Soil depth improves the tree's resistance to uprooting or breakage, influencing the root's system architecture (Martiník and Mauer 2012) ; soil condition, as waterlogged, frozen or unfrozen soil, may affect tree stability Dobbertin 2002) causing breakage or uprooting if roots provide an efficient anchorage or not.
The severity of snow damage is also related to tree and stand characteristics. Zhu et al. 2015) . Stem taper, crown characteristics, height, and diameter are the most important factors controlling the stability of trees . Stem breakage was positively associated with crown silhouette, crown projection area, and the lowest branch height (Nishimura 2005) . Moreover, the presence of leaves may provoke branch failure (Kane and Finn 2014) . In the Hyrcanian Forest, Nasiri and Fallah (2012) observed that bending was related more to crown projection area than slenderness in broadleaf species, while in conifers the opposite happened. Slenderness coefficient was suggested by a great number of authors as an indicator of tree stability and a good predictor of snow and wind damage (Päätalo et al. 1999; Päätalo 2000; Schütz et al. 2006; Martín-Alcón et al. 2010; Hlásny et al. 2011; Teste and Lieffers 2011; Harja et al. 2012; Martiník and Mauer 2012; Kane and Finn 2014; Wallentin and Nilsson 2014; Bonyad and Tavankar 2014) . Päätalo (2000) observed that unmanaged stands were more prone to snow damage than managed, due to low tapering of trees. In unthinned and fertilized dense forests, Teste and Lieffers (2011) noted that snow acted as ''thinning agent'' on trees with lower DBH.
Stand vulnerability to snow damage depends on tree stability. Higher individual stability was found in unevenaged forests (Dvořák et al. 2001; Kenk and Guehne 2001; Mason 2002; Schütz 2006; Schütz et al. 2006; Hanewinkel et al. 2011 Hanewinkel et al. , 2014 or in stands that were early and regularly thinned, as the larger available space among residual trees favors the maintenance of wide diameter growth (Wonn and O'Hara 2001) .
Natural disturbances caused by snow in forest stands are a concern for forest managers as it is not possible to avoid meteorological events. In order to reduce these threats in the future, it is crucial to determine how sites, stand structures, and tree physical characteristics affect overall susceptibility to wind and snow damage (Valinger and Pettersson 1996; Tavankar et al. 2015) .
The northern forests of Iran are located on the mountainous areas, and are the only commercial forests in Iran. The high value stands, such as pure or mixed beech stands, are located at an elevation from 800 to 2000 m. Damage from snowfall, which are important for ecological and economical reasons, have not been well analyzed. The objective of this study was to evaluate the effects of tree characteristics, topography, and stand attributes on snowinduced damage in the mountain beech stands in northern Iran.
Materials and methods

Study area
The study area, also known as the Caspian forests, occupies an area of over 1.9 million hectares, and includes the northern slopes of the Alborz mountain belt. These forests are rich in biological diversity, with endemic and endangered species and rich in many ecological niches (Heshmati 2007; Tavankar and Bonyad 2015a (De Martonne 1925) , with a mean annual temperature of 9.1°C and the average rainfall ranging from 920 to 1100 mm per year, with the heaviest precipitation in the summer and fall. The average daily temperature ranges from a few degrees below 0°C in December, January, and February, and up to ? 25°C during the summer. The vegetation period lasts for 7 months in average.
The soil of the study site is classified as a brown forest (Alfisols), well-drained, and the soil texture varies between sandy clay loam to clay loam. The silvicultural method applied is single selection cutting. In the Hyrcanian forests, the cutting period is 10 years. Selection of trees is on the DBH, which can be very wide, from 20 to 140 cm and more. The aims of single-tree selection cutting, as a closeto-natural silviculture method, are tree species biodiversity conservation, natural regeneration of trees, and natural uneven age mixed stands. The forest (four parcels) object of this study was selectively logged two times during the years of 2000 and 2010.
Harvest intensity in the study area at each selection cutting operation was 15-25 m 3 ha -1 (7-15 trees/ha). The average tree density (DBH C 10 cm) is 211 stem ha -1 , the average basal area is 28.4 m 2 ha -1 , and the average stand volume is 195.5 m 3 ha -1 . The average height and diameter at breast height of over-story (highest) trees is 28.6 m and 97.3 cm, respectively (Tavankar 2000) .
On 11 December 2011, precipitation consisted of heavy wet snow and it reached 37 cm in 24 h. Before the above date, there was no snowfall in that year. During the snowfall, wind speed averaged of 2.6-4.5 m s -1 , and air temperature was near 0°C. At the time of snowfall, the trees still had leaves and the fall had not started.
Data collection
After the exceptionally heavy snowfall, we investigated snow damage in Shafarood forest area. A systematic sampling design was applied on the study area (140 ha), with 122 circular plots. Dimension of the grid was 100 m, and each plot area was 1000 m 2 . The sampling intensity was 8.6% of the study area. Physiographical conditions (e.g. elevation, slope aspect, slope degree, and land form) were measured and identified in each plot. The elevation was measured by altimeter and recorded in four meter classes: 800-950, 950-1100, 1100-1250 and 1250-1400 m. The slope aspect was determined by compass and was recorded in four aspects: North-Eastern (NE), North-Western (NW), South-Eastern (SE), and SouthWestern (SW). The slope degree was measured by clinometers and recorded in four classes: \ 25, 25-50, 50-75, and [ 75 percent. Soil depth was measured by soil corer in the center of each plot.
The diameter at breast height, 1.30 m (DBH) was measured to the nearest 0.1 cm with calipers in all trees (DBH C 7.5 cm) in the plots. The tree height was measured to the nearest 0.1 m by clinometers in all trees in the plots. Snow damage to trees was recorded in four types: crown damage (i.e. broken crown branch [ 10%), bending (i.e. leaning or lying), stem breakage (i.e. broken tree main stem), and uprooting (fallen trees or trees with the majority of their roots out of the soil) (Valinger and Pettersson 1996; Zhu et al. 2006 ). Trees without the described damages were noted as undamaged. The slenderness coefficient was calculated as the ratio of total height (H) to diameter at 1.3 m above ground (DBH) of a tree, where H was measured in meters and DBH was measured in centimeters.
Two different variables were used to evaluate the effect of stand structure on the snow damage in the sample plots. One variable was the coefficient of variation (CV%) of DBH as the degree of uneven-agedness (Montes et al. 2005; Martín-Alcón et al. 2010) , and the other variable was the stand basal area.
Data analysis
The damage ratio was defined as the ratio of the number of damaged stems to the total number of stems in a plot or for one tree species (Eq. 1).
where Dri is the damage ratio according to each damage type, Ndi is the number of the damaged stems corresponding to the damage type in a plot or for one tree species, i presents different damage types, i.e. i can be replaced by u (uprooted), s (stem broken), c (canopy damage), b (bent), and t (overall damage), Nt is the total number of stems in a plot or for one tree species.
To evaluate the simultaneous effect of basal area (BA) and stand density (SD) on damage rate, stands were divided into low-and high-density class. The division was falling on the median value of density of the plots. According to the range of tree density (50-350 tree ha -1 ), tree density classes were low density \ 150 tree ha -1 and high density [ 150 tree ha -1 . An ANOVA test was used to evaluate the effect of topographical conditions and tree characteristics on the ratio of snow damage. A Chi square non-parametric test was used for effect of tree species on damage type. The tree characteristics examined were DBH, tree height (H) and slenderness coefficient (H/DBH). Regression analysis was used for correlation between overall damage and height from sea level, ground slope, soil depth, stand basal area and uneven-agedness. Multiple comparisons were performed using Duncan's test, considered for this data typology as one of the most powerful tests (Day and Quinn 1989; Tavankar et al. 2014) .
Results
A total of 1634 stems were visually investigated: 18.6% were damaged and 81.4% undamaged. The frequency of snow damage types is shown in Fig. 1 . The most common type was crown-damaged trees (8.6%), followed by stem broken (5.4%), tree uprooted (3.2%), and tree bent (1.4%). ANOVA results showed significant differences (F = 29.1, p \ 0.001) among damage types.
Effect of topographical conditions on damages
The number of damaged stems to total number of stems increased with increasing elevation (Fig. 2a) . Damage ratios on the western slopes were significantly higher than the eastern slopes (Fig. 2b) . Damage ratios also increased with increasing slope angle (Fig. 2c ), but decreased with increasing soil depth (Fig. 2d) .
For modeling of snow damage on trees, we selected three topographical conditions: elevation (E), slope angle (SA), and soil depth (SD) (Fig. 3) .
The results of multi-regression analysis are showed in the equations from the number 2-4 (OD is overall damage). 
Effect of tree characteristics on damages
Damage ratios in different tree characteristics are shown in Fig. 4 . ANOVA results showed that DBH, height, slenderness coefficient, and tree species have significant effects on damage ratios. DBH \ 25 cm and alder trees (Alnus subcordata) were more damaged. Damage ratios increased with increasing tree height and slenderness coefficient (Fig. 4) . Ratios of damage types in tree species are shown in Fig. 5 . Bending damage type was mostly observed in Acer velutinum. Quercus castaneifolia had the higher frequency of crown damaged. Stem breakage and tree uprooting were mostly observed in Alnus subcordata. Results of Chi square tests indicated that tree species have significant effect on the ratios of crowns damaged and trees uprooted.
The ratios of damage type referred to tree characteristics and topographical conditions are shown in Table 1 . Damage type in DBH \ 50 cm was mostly tree bent, but in the DBH [ 50 cm the most frequent damage type was crown damage. Ratios of damage type were only significantly different in DBH 50-75 cm.
Ratio of crown damage was higher than the other damage types in the all tree species. Ratios of damage type showed significant difference in A. cappadocicum and Q. castaneifolia.
The greatest ratio of damage type in trees with heights \ 15 m was tree bent and uprooted, while in trees with heights [ 15 m was crown damage. But the significant statistical difference of ratio damage types was found only for trees with heights [ 20 m.
The largest ratio of damage type in trees with slenderness coefficient \ 0.5 was tree bent, while in trees with slenderness coefficient [ 0.5 was crown damaged. But the significant statistical difference of ratio damage type was found only for trees with slenderness coefficient [ 0.50. The ratios of crown-damaged trees was higher than the other damage types in the classes of elevation, ground slope and slope aspect, but the ratio of trees bent was higher than the other damage types in the soil depth \ 30 cm (Table 1) .
The mean slenderness coefficient of damaged and undamaged tree species is shown in Table 2 . Mean slenderness coefficients of overall damaged trees were significantly higher than the undamaged trees in the species of F. orientalis, C. betulus and A. subcordata. Mean slenderness coefficients of bent trees were significantly higher than the undamaged trees and other damage types. (Table 2 ). In order to evaluate the simultaneous effect of basal area and stand density on damage rate, the stands were analyzed, taking in account the threshold of the median value of stand density to classify them. So the damage ratio was analyzed in low and high density stands. The relationship between stand basal area and ratio of overall damage in plots is shown in Fig. 6 . Results indicated ratios of overall damage were decreased with increasing basal area in low density (\ 150 tree ha -1 ) plots, while overall damage was increased with increasing basal area in high density ([ 150 tree ha -1 ) plots. The relationship between stand uneven-agedness (C.V. of DBH) and ratio of overall damage in plots is shown in Fig. 7 . Results indicated ratios of overall damage were decreased with increasing stand uneven-agedness in sample plots.
Discussion
In this study, snow damage to trees was studied in mixed stands of uneven age in northern forests of Iran. The results indicated that 18.6% of trees were damaged. Accumulation of heavy snow on tree crowns caused damages to trees. The amount of snow damage was high and unprecedented. The early wet snow precipitation was the main reason for the high level of snow damage to trees in these forests, because at the time of snow precipitation the trees still had their leaves, which did not fall yet. Nasiri and Fallah (2012) observed that snow damage afflicts the deciduous species still retaining leaves. Snow accumulation on the tree crowns with presence of leaves is higher than on the tree crowns without leaves. Moreover, the high damage level may be due to the unfrozen soil at the time of snow precipitation. The frozen soil, well-developed root system, and deep soil are main factors of resistance of trees against snow damage, specially uprooting (Achim and Nicoll 2009; Martiník and Mauer 2012) . However, the amount of snow damage to trees observed in the study area was lower than that reported in other mixed forests (Zhu et al. 2006; Martiník and Mauer 2012) .
The results showed that the frequency of crown-damaged trees was higher than other damage types. Similar result was reported by Peltola et al. (1997) and Nykänen et al. (1997) in mixed stands of European forests. The crown damage can significantly reduce the tree growth and regeneration power (Schroeder and Eidmann 1993; Turcotte et al. 2012) . Crown damage was the main damage observed in the larger diameter trees (DBH [ 50 cm). About 1.4% of stand trees were bent, which can reduce the height of trees and their wood quality . Bending, stem breakage, and uprooting occurred mainly in small diameter trees. The overall damage was modelled taking in account elevation, ground slope, and soil deepness. The results showed frequency of snow-damaged trees on the western slope aspects were greater than on the eastern aspect slopes. The topographical conditions are variables of factors influencing snowfall. The optimal condition for snow retention on the crown could be related positively to elevation ). The results indicated that the frequency of snow-damaged trees increased by rising elevation, as observed by Zhu et al. (2006) . A similar trend has been reported by Zhu et al. (2006) . Ground slope enhanced the effect of snow damage due to the crown asymmetry Beach et al. 2010 ).
The results indicated the frequency of snow-damaged trees decreased by increasing soil depth, as observed by Zhu et al. (2006) . In the study area, the soil was well drained and the soil depth was a favorable condition to minimize snow damages, ensuring a solid anchorage to the roots. This finding was also confirmed by the low amount of uprooting. We also observed in our study that topographical attributes have been recognized as driving factors for snowfall damage.
The type of damage differed by tree size. The results showed the frequency of snow-damaged trees in DBH \ 25 cm and DBH [ 75 cm were higher than the middle DBH classes. These can be explained by high slenderness coefficient in trees with DBH \ 25 cm, and high height of trees with DBH [ 75 cm. So, the highest ratio of bending, stem breakage, and uprooting were observed in trees with DBH \ 25 cm, while the highest ratio of crown damage was observed in trees with DBH [ 75 cm. Crown damage, as branch loss, in larger DBH classes was observed in hardwood forest of southern Quebec (Proulx and Greene 2001) . Similar results were observed by many authors Martiník and Mauer 2012; Tavankar and Bonyad 2015b) . Van Dyke (1999) indicated that older trees may be more damaged due to larger crowns, and decreased branch flexibility. The highest ratio of overall damage was observed in Alnus subcordata (36%) and Quercus castaneifolia (29.5%). The high ratio in A. subcordata was due to the high value of the slenderness coefficient. Alder was the most susceptible species to stem breakage and uprooting. Uprooting occurs when the resistance of the anchorage of roots is less than the resistance of stems to bending and breakage (Achim and Nicoll 2009; Martiník and Mauer 2012) . For the Q. castaneifolia, the high ratio of overall damage probably was due to the crown forms (high crown diameter). The lowest ratio of stem breakage was observed in Fagus orientalis. This may be due to high resistance of the stem wood (Sadegh and Rakhshani 2011; Lo Monaco et al. 2015) . Overall, A. subcordata and Q. castaneifolia were the most damaged, mainly at crown level. A. subcordata showed the highest ratio in broken stems and uprooting. These species in the stand showed the higher slenderness coefficient both in damaged and in undamaged trees than the others. In favorable conditions, alder is a fastgrowing pioneer species with light canopy and in a competitive condition can reduce the diametric growth (Sayyad et al. 2006) , increasing slenderness coefficient.
The plots with a high density and those with low density showed divergent amount of total damage. In high-density plots, the decrease of basal area is the positive factor in decreasing the total damage, in low-density plots the increase of basal area is the positive factor.
The basal area can be considered a proxy of the competition in stands. In the dense plots, under competition, trees grow more in height than in crown and diameter dimensions (Harja et al. 2012) . The snow load may compromise tree and stand stability. Larger is the density in forest, taller are the trees with the same diameters (Zeide 2002) . In contrast, trees growing in more widely spaced stands developed less high stems and more symmetric crowns, which improve their stability (Wonn and O'Hara 2001) . Nevertheless, in low density plots decreasing basal area, trees are probably more exposed and consequently more prone to suffer the snow load, because the crown shape is similar to that of isolated trees; as a consequence, the ''mutual support'' against damage due to the combined effect of basal area and mean slenderness was reduced (Martín-Alcón et al. 2010) .
The results showed that the ratios of overall damage were decreased by increasing the mixed age of the stands (Martín-Alcón et al. 2010; Teste and Lieffers 2011) . Our observations on stand structure indicate that the plots with a larger CV of DBH, as a descriptor of uneven-agedness, were less damaged. Structure, close to the theoretical diameter distribution of a mixed-age stand, gave higher stability to stands due to the higher stability of each tree (Schütz 2006; Hanewinkel et al. 2014) . Mixed forests, managed with single-selection cutting, are less susceptible to damage than stands in conversion that are less prone than even-aged stands (Dvořák et al. 2001) . A significant difference between the slenderness coefficient of damaged and undamaged trees by species was found. The results showed that the frequency of damaged trees increased by the increasing slenderness coefficient. Slenderness was indicated as a key factor in bending in young and dense stands (Martiník and Mauer 2012) . A number of authors highlighted that larger slenderness coefficient increased the risk of damage from wind and snow events (Valinger and Fridman 1997; Wang et al. 1998; Kato and Nakatani 2000; Zhu et al. 2006) . It is worth noting that Akhavan and Namiranian (2007) found that tree-slenderness coefficients were negatively correlated with DBH, in a broadleaved, mixed stand in Hyrcanian forest.
Conclusion
The main goal of this study was to evaluate the effects of tree characteristics, stand topographical conditions, and stand attributes on snow-induced damage in the mountain mixed broadleaf forests. The results contribute to the knowledge of the susceptibility of uneven-aged forests to snow damage. It is concluded that: (1) Not all tree species were equally susceptible to snow damage, A. subcordata was the most damaged and the lowest was F. orientalis; (2) The smallest and the largest diameter class (\ 25 and [ 75) were mainly affected by different type of snow damages; (3) The frequency of broken crown branches (crown damage) was more frequent than other damage types; (4) Snow damage to trees increased with increasing elevation and slope and decreased with increasing soil depth; (5) The young trees (DBH \ 25 cm) were more susceptible to snow damage than other trees; (6) The susceptibility of trees to snow damage increased with increasing their heights and slenderness coefficient; (7) The susceptibility of stands to snow damage decreased with increasing stand basal area in low density (\ 150 tree ha -1 ) plots and increased with decreasing stand basal area in high density plots ([ 150 tree ha The single-tree selection forestry had driven efficient forest structures which showed a low frequency of snowdamaged trees in plots with higher uneven-agedness. Bending, breakage and uprooting of tree have higher frequency in low diametric classes. In an inverse J-shaped diametric distribution, the damages may be considered sustainable due to the abundance of small trees. They constitute, with the large branches on soil, a wide reservoir, and an input over time of wood debris, which have been recognized to play an important role in maintaining forest ecosystems.
Harvesting can mitigate and manage the excess of dead wood. Forest management must provide for monitoring to maintain the dimensional balance and distribution of trees in the stand. On the other hand, the recovery of the wood that could be damaged (18.6%) is important for economic and environmental viewpoint features for forest managers.
